The dynamics of helium double ionization by 2 keV electron impact has been investigated experimentally and theoretically at large momentum transfer of |q| = 2 a.u. Fully resolved fivefold differential cross sections (FDCS) are presented for symmetric and asymmetric energy sharing between the two ejected electrons at excess energies from 10 eV to 40 eV, and for the coplanar as well as the out-of-plane scattering geometries. Experimentally, a multielectron -recoil-ion coincidence technique has been applied and a large part of the final-state momentum-space has been mapped. The presently employed theoretical model treats the interaction between the two slow ejected electrons nonperturbatively using the convergent close coupling (CCC) method, whereas the projectile-target interaction is described in the first Born approximation. The experimental and theoretical FDCS agree well in shape. The cross section is dominated by two pairs of strong peaks. From this pattern it can be concluded that the two-step 1 mechanism which is due to interelectron interaction after a single ionizing collision is the dominant ionisation process for the present kinematics.
Introduction
The investigation of electron impact ionization has contributed considerably to our understanding of the correlated fragmentation dynamics of atomic systems. Until recently, most of the research performed in this field dealt with single ionization. This work was initiated by Erhardt and collaborators [1, 2] who first realized kinematically complete (e,2e) experiments in which the momenta of all continuum particles were under full control. These experiments gave rise to a rapid development of the field. As a consequence, a profound understanding of the electron impact single ionization of atoms has been gained [3] . The most basic collision processes like electron impact ionization of hydrogen can now be calculated numerically exactly [4] . The next step towards more "complex" few-body-systems with more than two electrons in the final continuum state is an investigation of electron impact double ionisation of atoms.
In comparison to single ionization, several new and challenging aspects arise. Firstly, the initial state of the simplest possible target, helium, already represents a highly correlated system. In principle, its binding energy can be calculated numerically to an arbitrary accuracy.
However, the ground state correlations can only be incorporated into the calculations of double ionization to a limited degree of complexity. Furthermore, details of the dynamics are expected to sensitively depend on specific features of the correlated ground state wave function and there is no guarantee that even complicated wave functions, optimized to minimize the binding energy, would produce a correct two-electron ionization amplitude.
Secondly, depending on the projectile velocity, the ionization process can go beyond the first order in the projectile-target interaction and higher order interactions may contribute significantly. If the target-electron correlation is neglected, double ionization is only possible through higher order collisions. Second order matrix elements as well as their interference with the first order contributions have not yet been consistently included in theoretical models. One usually tries to identify the most important reaction mechanisms and to include 3 the corresponding matrix elements. Thirdly, a major challenge to theory is to describe the final state with four interacting particles in the continuum. There are approximate correlated three-particle continuum wave functions which have been worked out for (e,2e) and (γ,2e) [5, 6] (for a review see [7] ) part of which have been extended to the four-particle continuum [8] [9] [10] .
The easiest way to tackle these problems is to consider double ionisation by fast electron impact at an incident energy of several keV and small momentum transfer. Under these conditions the projectile-target interaction can be treated in a good approximation to the first order. It is this regime where most existing calculations have been performed up to now [11, 12] . Only few works have been reported where higher order interactions were included by applying the second Born approximation [13] or by employing explicit four-body wave functions [8, 9] .
Experimentally, serious obstacles are also to be overcome. The most stringent test for theory is provided by kinematically complete experiments in which energies and angles of all participating particles are determined and therefore fully differential cross sections are obtained. In case of particle impact induced double ionization, the final state four-particle momentum space spans twelve dimensions from which eight are independent. Therefore, at least three particles have to be detected in coincidence. Furthermore, the total cross section for double ionization is very small, only of the order of 10 -2 or less of the corresponding single ionization cross section. The first (e,3e) experiment has been performed 12 years ago by Lahmam-Bennani and co-workers [14] on argon using conventional electron spectroscopy techniques. The following development of devices, which where able to detect a certain angular range simultaneously allowed to obtain absolute cross sections with sufficient statistics for a more quantitative comparison with theory [15, 16] . Nevertheless, for the fundamental helium target the experiments employing conventional electron spectroscopy techniques are restricted to particular cases with relatively large cross sections such as the 4 dipole limit of a small momentum transfer [10, 12, 17] . For larger momentum transfer of several atomic units conventional experiments are feasible only for heavier quasi-two-electron targets like magnesium [18] .
In order to overcome these limitations we apply in the present work a multi-electronrecoil-ion coincidence technique which has already been demonstrated to enable the (e,3e) experiments on helium [19] . A 2 keV electron impact is considered and the fully differential cross sections are obtained over the full final state momentum space. The kinematics of the reaction covers a range of momentum transfer from the optical limit to high values up to 5 a.u., and a large range of relative emission angles and energy partitions of two slowly ejected electrons (E b,c < 30 eV). The results for small momentum transfer have been discussed previously [26] . In this work the dynamics of double ionization is studied for impulsive collisions with relatively large momentum transfer of |q| = 2 a.u..
The rest of the paper is organized as follows. In section 2 the experimental apparatus is described. In section 3 the experimental results are presented and compared with the convergent close coupling (CCC) calculations for different energies of the ejected electrons and for the in-plane and out-of-plane geometries. Finally we give a summary in section 4.
Experiment
The experiments were performed with a new version of our multi-electron recoil-ion momentum spectrometer ("reaction-microscope") which has been designed to fit the particular requirements of electron scattering experiments. The momentum vectors of two slowly ejected electrons k b and k c and the momentum vector of the recoiling ion k He ++ emitted in an (e,3e)-reaction are measured in coincidence. Therefore nine momentum components, one more than necessary to completely fix the kinematics, are obtained.
Applying momentum conservation the momentum k a of the fast scattered electron or respectively the momentum q transferred by the scattered projectile is determined
Here k 0 is the momentum of the incoming projectile. The redundant information obtained experimentally can be used to discriminate against accidental coincidences by examining for each double ionization event whether energy conservation is fulfilled:
Here E bind is the double ionization potential.
Since a detailed description of the working principle of the reaction microscope has been reported earlier [20] , we give here only a brief outline stressing the particularities of the present set-up. A scheme of the apparatus is presented in figure 1 . A conventional electron gun was used to produce a pulsed primary beam with a repetition rate of 500 kHz and a pulse length of ∆t ≈ 1 ns. The helium target was prepared in a pre-cooled triple-stage supersonic jet. The helium gas expanded through a 30 m aperture which was cooled to the liquid nitrogen temperature to form a well localized (2.0 mm diameter) and dense (10 11 
Results
Experimentally, the square of the four-particle momentum wave function in the final state continuum is obtained from which differential cross sections can be extracted, in principle, for arbitrary coordinates which seem to be appropriate to study the process. Here we present cross sections differential with respect to the energies E b,c and solid angles Ω b,c of the two slowly ejected electrons and in the solid angle Ω a of the fast emitted electron:
Under the present conditions of a fast projectile (E 0 = 2 keV) and two slow final state electrons (E b,c < 30 eV) exchange processes can be neglected. Therefore the fast outgoing electron can be identified with the scattered projectile, and by fixing the scattering angle the amount of momentum |q| transferred to the target is determined. In the following the cross sections are presented in the angle scanning mode: for a given momentum transfer and for fixed energies of the ejected electrons the cross section is plotted as a function of the ejected electrons emission angles. Thus a direct comparison with data obtained by conventional electrostatic electron spectrometers is possible. In this work we investigate collisions with fairly large momentum transfer of |q| = 2 ± 0.4 a.u., far off the optical limit. The question 8 arises of how the double ionization dynamics can be characterized under this condition. From (e,2e) studies at high momentum transfer it is known that single ionization can be very well described as a binary knock-out collision of the projectile with a target electron. The cross section peaks for the so-called Bethe kinematics where the residual ion does not take part in the collision and carries away only a small momentum. The ionized electron is emitted into the direction of the momentum transfer. In case of double ionization, different reaction mechanisms and corresponding matrix elements are usually considered: the shake-off, the two-step 1 (TS1) and the two-step 2 (TS2) processes [24, 29] . In the shake-off process only one target electron takes momentum in a direct ionizing collision with the projectile and is emitted into the direction of q. The second electron is "shaken" into the continuum, i.e. it is emitted due to the subsequent relaxation of the singly charged ionic core. From first principles, it should not be emitted into a particular direction and furthermore is expected at a low energy since its momentum originates from the Compton profile of the initial atomic ground state. The recoiling ion balances the momentum of the shake-off electron.
In the TS1 process the incident electron strikes a target electron which in turn ionizes the second electron in a binary collision on its way out of the atom. The residual ion should have a small recoil momentum. In the limit of high energy of the two ejected electrons their relative angle should be 90°.
Both these processes are of the first order in the projectile-target interaction and show axial symmetry with respect to q. In contrast, the TS2 is a second order process in which the projectile interacts and ionizes each target electron sequentially. A signature of a second or higher order processes is a break up of the symmetry of the cross section with respect to q.
One has to bear in mind the following complications. The "mechanisms" discussed above are quantum mechanical matrix elements which interfere if several amplitudes contribute with similar magnitudes to the same point in the final state momentum space. Furthermore, the strict directions which are expected for ejected electrons with high energies are modified for 9 lower energies as in the present experiment since the electron-electron repulsion in the continuum increases their relative angle and the momentum distribution in the initial target ground state smears out the cross section maxima.
We first investigate the cross section for coplanar scattering geometry which is illustrated in figure 2 A similar four-maxima cross-section is observed in the (γ,2e) reaction and the low momentum transfer (q < 1 a.u.) (e,3e) reaction [27] . In both these cases the four peaks emerge as "islands" between the nodal lines formed due to the dipole symmetry and the inter-electron repulsion. For the equal energy sharing (γ,2e) reaction all four peaks are identical in shape and magnitude. They correspond to both electrons going at about ±60° with respect to the polarization vector direction ±e and having a relative angle of |θ b -θ c | ≅ 120°. In the case of the low-q (e,3e) reaction, due to nonequivalence of the ±q directions, the four peaks split into two pairs. Those two peaks in which both electrons go at about ±60° with respect to the +q direction become more prononunced.
As the momentum transfer becomes large (q = 2 a.u. in the present case) the four-peak cross-section pattern undergoes a further transformation. The most prominent cross section maximum [marked (B) in Fig. 3 ] correspond to a configuration where one electron is emitted 10 roughly in the direction of the momentum transfer q and the second one is going into the opposite direction -q (back-to-back emission). This is a well-known configuration of the collinear Wannier escape. In the (γ,2e) reaction on the ground state He this escape is dominant in the vicinity of the ion core (the co-called Coulomb zone). However, outside the Coulomb zone the Wannier escape is suppressed due to the dipole selection rule [11, 23] . As q becomes large, the dipole selection rule relaxes and the Wannier escape becomes possible to asymptotic region of large distances where it can be observed experimentally.
The second pair of peaks (A) which is of lower magnitude is observed at about the same electron angles as the +q dipole-like peak in the low-q (e,3e) reaction (i.e. for both electrons enclosing about 60° with the momentum transfer direction q and having a relative angle of |θ b -θ c | ≅ 120°). If the energies of the ejected electrons are increased the structure of the cross section is maintained but there is a profound change of the relative magnitudes of the maxima. In figure 4 theoretical cross sections are shown. The calculations where performed within the same model as employed in [12] . The interaction of the fast projectile with the target is 11 described within the first Born approximation while the interaction of the slow ejected electrons is treated nonperturbatively using the convergent close coupling (CCC) method. This method is known to yield very reliable quantitative results for a related photo double ionization process when the two electrons are ejected from the helium atom by photon impact [27, 28] . The calculations are in excellent agreement with the experimental data concerning the observed cross section patterns and also the evolution of the relative peak intensities in going from low energies via asymmetric energy sharing to higher energies E b,c . The only deviation which is significant within the present experimental statistics is a shift of the peaks (B) with respect to the experimental cross sections. The theoretical results which are of first order in the projectile-target interaction must show complete axial symmetry with respect to the momentum transfer direction. Therefore the cross section is invariant for reflection of both momentum vectors at the direction of q. In the diagrams of figure 4 this corresponds to an inversion at the points where both electron's emission angles are equal or opposite to the angle of q or at points where one angle is parallel while the other is opposite to the angle of q.
The cross section peak (B) of the theoretical result satisfies this symmetry. Its maximum occurs for a configuration where one electron is going exactly parallel q and the other is emitted perfectly opposite. In the experiment (figure 3c) the peak (B) is shifted along the dashed diagonal line to smaller angles for both electrons. Such a deviation from the axial symmetry with respect to q is a signature of second or higher order projectile-target interactions. This effect has been observed before for low momentum transfer collisions [26] and at energies as high as 5.5 keV [29] . Investigations of the total double-to-single ionization cross section ratio also indicate that double collisions contribute for the present primary energy of 2 keV [30] .
In order to understand the evolution of the relative strength of the maxima (A) and (B) in At the same time, a growing strength of the peak (B) can be elucidated from the dominance of the electron repulsion near the ionization threshold [31] . In a related (e,2e) process at small excess energies over the threshold an enhanced back-to-back emission is observed with one electron going essentially to the forward and the other to the backward direction with respect to the incoming beam. This is the collinear escape configuration which gives rise to the well known Wannier threshold law. The recoiling ion carries the full momentum transfer which is equal to the momentum of the incoming electron.
From a good agreement with the first order CCC theory and from the observed symmetry with respect to q we rule out that a second order collision like the TS2 process can give rise to the peaks (A). Because it is not a single electron but the ejected electron pair which carries the 13 momentum q transferred in the collision, the ionization must occur via electron correlation.
Therefore we assign cross section maxima (A) to the TS1 process which is also consistent with the observed relative emission angle close to 90° and the small recoil ion momentum.
The very same TS1 process gives rise to a pair of the dipole-like +q peaks in the low-q (e,3e) reaction which evolve into the peaks (A) under the present kinematical condition of a large momentum transfer. We note that there is no counterpart to the Wannier-like peaks (B)
neither in the the (γ,2e) reaction nor the low-q (e,3e) reaction since the Wannier escape is strongly suppressed by the dipole symmetry.
As to another possible mechanism of the double ionisation, the shake-off process, we rule out that it plays an important role under the present kinematical conditions. In principle, it can give rise to an emission configuration similar to the peak (B) with one electron which is ionized in a direct knock-out going roughly along q. Due to the final state repulsion the angular distribution of the shake-off electron is not necessarily isotropic but it is most preferentially emitted in the opposite direction. For the shake-off to take place a sudden change of the atomic potential is required and therefore it should not be important for low energies but be more prominent at higher energies of the emitted electrons. This is just the opposite behaviour as observed in the present results for peaks (B). Therefore the cross sections presented here are consistent with the TS1 process except minor contributions of higher order contributions for peak (B).
Finally, in figure 7 we present cross sections for a case of a non-coplanar scattering geometry. As illustrated in figure 6 , we have chosen one electron to be emitted 45° above the scattering plane (φ b = 45°) and the second going 45° below the scattering plane (φ c = 135°)
with energies E b,c = 20 eV. This geometry was used by the Maryland group [16] for the (e,3e) reaction on the magnesium atom. The author's intention was to obtain the two-electron momentum density in analogy to the one-electron momenty density measured by the electron momentum spectroscopy (EMS) using a binary (e,2e) reaction. Only recently has the first 14 experimental observation of an atomic two-electron momentum distribution been reported [18] . It is instructive to follow the evolution of the cross-section pattern in the present out-ofplane geometry going from the (γ,2e)-reaction to the low-q (e,3e) reaction and finally arriving to the present high-q (e,3e) reaction. Although the experimental data are not available for such an analysis, the numerical simulation can be easily performed. In the out-of-plane (γ,2e)-reaction the cross-section pattern consists of two pairs of equivalent maxima squeezed by the rigid nodal lines due to the dipole symmetry. As the inter-electron repulsion is significantly weakened for the out-of-plane geometry, the corresponding nodal line θ b = θ c is reduced to a shallow valley, and the two neighbouring peaks in the pair merge together. The same pattern remains for the low-q (e,3e) reaction with the two stronger maxima in which the electrons escape closer to the +q direction and the two weaker maxima for the opposite -q escape 15 direction. At large q the Bethe condition can be satisfied in the proximity of the +q peaks and they become the only prominent feature of the cross-section pattern as is seen in figure 7 .
The second cross section maximum (B) of the Wannier-like escape which is present in the coplanar geometry and which shows signatures of higher order contributions is not present in this geometry. This confirms that the non-coplanar geometry was rightly chosen by the Maryland group to highlight first order binary knockout processes where the residual ion carries very little momentum.
Summary
We have presented experimental and theoretical fully differential cross sections for the condition |k ion | ≅ 0. It is tempting to call these maxima binary as they are strongly enhanced under the binary nock-out Bethe ridge condition, especially in the out-of-plane kinematics.
However, very similar peaks, albeit not so prominent, are seen in the low-q or/and low-E (e,3e) reactions and the (γ,2e) reaction far away from the Bethe ridge. This observation can be explained by the dipole symmetry rules which still play some role in forming the peaks (A)
even at large momentum transfer.
In the "binbary" peaks (A) the most probable relative electron angle is close to 90° and within the present statistics the cross section is symmetric with respect to the momentum transfer direction. These observations are signatures of the TS1 mechanism to be responsible for the double ionization process. We have drawn a similar conclusion in a previous experiment at 3 keV electron impact [19] for the cross sections differential with respect to the relative emission angle of the ejected electrons only: The most probable relative emission angle which peaks at 145° for the dipole limit comes close to 90° for the conditions of a large momentum transfer and a small recoil ion momentum.
A second pair of peaks in the cross section (marked B) corresponds to the Wannier configuration with the two electrons emitted back-to-back which is the most favoured configuration for the two outgoing electrons with a small excess energy. There is no counterpart of the peaks (B) neither in the (γ,2e) reaction nor the low-q (e,3e) reaction on the ground state He since the Wannier escape is strongly suppressed by the dipole symmetry. In the present high-q (e,3e) reaction higher multipole transitions contribute to this escape configuration.
We attribute the origin of both the peaks (A) and (B) to the TS1 double ionisation mechanism. This is confirmed by a generally good agreement between the present experimental results and the calculations peformed within the CCC model which treats the projectile-target interaction to the first order. However, the observed shift of the peaks (B) with respect to the momentum transfer direction (not seen in the calculation) indicates that 17 higher order projectile-target interactions also make some contribution.
Finally, we have presented data for a non-coplanar geometry where one electron is emitted 45° above the second electron 45° below the scattering plane. In this geometry the double ionization processes occurs with the ion left with a low recoil momentum. It is therefore ideally suited to restrict the double ionization mechanism to a direct knockout of both target electrons without participation of the nucleus. 
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